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Introduction
i i l n p a i h  e lc c ir o m a g n c l ic  e n v ir o n m e n t  m o d e l in g  is  v e r y  
mplcx a n d  a ssu m p tio n s  h a v e  b e e n  m a d e  in ord er  to  o b ta in  
i im u m  m o d e l s .  O n e  o f  th e  m u lt ip a th  e f f e c t s  is  th e  n u ll in  
ii u i o n  p a i i c r n  o f  the r e c e iv e r  a n te n n a . In an  e f fo r t  to  m it ig a te  
du'flcLis, severa l s tu d ie s  p r o p o n in g  n e w  a n te n n a s h a v e  b e e n  
‘tlL 111 [ 3]. B a sed  on  th e  c o n c e p t  o f  d o m in a n t  path , Y o u n g  et 
1^1 p r e s e n t e d  a d ip o le  lo o p -c a p a c ito r  c o m b in a t io n  a n ten n a , 
e x p l o i t s  the p h a se  sh ift p r o d u ce d  b y  the  ca p a c ito r  b e tw e e n  
t^ip‘ >le a n d  lo o p  c u r r e n ts  fo r  n u ll s u p p r e s s io n .  V a r io u s  
p r i'a c h e s  h a v e  b een  p r e se n te d  as w e l l  to  a n a ly z e  the m u ltip a th  
'i^irmimcni w ith  d i f f e r e n t  t e c h n i q u e s .  T h e  R a y  t r a c in g  
'-liniquc |4 , 5] is  th e  m o s t  p o p u la r  to  d e te r m in e  im p u ls e  
^ p o n s c  d e l a y  sp read . T h is  te c h n iq u e  is  b a s e d  o n  G e o m e tr ic  
Hts ( G O )  a n d  a ssu m e s  that F r e sn e l r e f le c t io n  c t^ f f ic ie n ts  arc  
indoor a p p lic a t io n s , w h e r e  n ea r  su r fa c e  an d  n ear  f ie ld  
' arc n e g lig ib le . T h e r e fo r e , th e  G O  a p p ro a c h  fo r  in d o o r
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a p p lic a t io n s  is  in q u e s t io n , s in c e  th e  r e f le c t in g  p la n e s  arc c lo s e  
to  the r ec ep to r  a n ten n a . C o tto n  et al. [6 | p r e se n ted  an a n a ly s is  
w ith  regard  to  the sh o r tc o m in g s  o f  the G O  a p p r o x im a tio n s  for  
a n te n n a s c lo s e  to  th e  r e f le c t in g  p la n e s  and  c o n c lu d e d  that th e  
G O  a p p ro a ch  is in a d eq u a te .
P ro b le m s r e la tiv e  to o p tim u m  m o d e ls  for m u ltip a th  a n a ly s is  
arc n u m er ica l a p p r o x im a tio n s , w h ic h  are fo c u se d  o n  the c la s s ic  
p r o b le m  o f  d ip o le  r a d ia t io n  a b o v e  a lo s s y  h a l f  s p a c e . T h e  
n u m er ica l a n a ly s is  o f  d ip o le  a n te n n a s n ear a d ie le c tr ic  and a 
c o n d u c to r  h a lf - sp a c e  h a s b e e n  a p p r o a c h e d  in v a r io u s  w a y s .  
C o lto n  et al. [6 ] e v a lu a te d  S o m m e r fe ld  in te g ra ls  and c o m p a r e d  
th e m  to  c o r r e s p o n d in g  G e o m e tr ic  O p t ic s  a p p r o x im a t io n s .  
M ic h a lsk i [7 ] u sed  a n u m e r ic a lly  in te g ra te d  m ix e d -p o te n t ia l  
G reen 's  fu n c t io n s  fo r m u la tio n  to  m o d e l an o b liq u e  h a lf -w a v e  
d ip o le  a n ten n a  as a  fu n ctio n  o f  a n g le . L in d e ll etal. [ 8 ] p resen ted  
a n u m er ica l a n a ly s is  w ith  c o n t in u o u s  im a g e  so u r c e  in te n s ity  for  
G reen 's  fu n c t io n  an d  in d u c ed  e le c tr o m a g n e t ic  fo r c e  m e th o d  to  
c a lc u la te  the im p e d a n c e  o f  a h o r izo n ta l d ip o le . B u rk e  and M iller
[9 ]  p r e ca lcu la te d  th e  S o m m e r fe ld  in te g r a ls  u s in g  in te rp o la tio n  
to  ap p ly  the  m o m e n ts  m e th o d  fo r  m o d e l in g  o f  cu rren ts o n  thin  
w ir es; th is  a p p ro a ch  is u se d  in th e  N u m e r ic a l E le c tr o m a g n e t ic  
C o d e  (N E C ) m o d e lin g  h a lf  w a v e  d ip o le  in p u t r e s is ta n c e  as a
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I'unction o f  h e ig h t  a b o v e  a lo s s y  h a l f  s p a c e . P o p o v ic  an d  
D ju rd jcv ic  [ lO] u sed  an en tire  d o m a in  p o ly n o m ia l b a s is  fu n ction  
an d  an  u n s p e c i f i e d  c o m p a c t  a lg o r i t h m  to  e v a lu a t e  th e  
S om m erfe ld  integral.
W c un d ertak e the p ro b lem  by a n a ly z in g  the s c e n a r io  w ith  a 
tw o  c le m e n t an ten n a , w h ic h  r ed u c es  the p ro b a b ility  o f  a d e e p  
null in the r ece iv ed  sign a l for the few  
c en tim e ter s  o l d is ta n ce  b e tw e e n  the  
antenn a and the r c lle c lin g  p lan e. W c  
sta r t w ith  th e  s t a t e m e n t  o f  th e  
prob lem  su m m a riz in g  the c la s s ic a l  
form u la tion  o f  an a n ten n a  near an 
in fin ite  p lane c o n d u cto r  and p ro v u le  
the S o m m e r fe ld  fo r m u la t io n  and  
( jc o m c lr ic  O p tic s  e x p r e s s io n  for an 
e lem en tary  d ip o le  and lotip  a b o v e  an 
i n l in i t e  g r o u n d  p la n e .  T h e n ,  
n u m erica l te c h n iq u e s  arc g iv e n  to  
ev a lu a te  the S o m m c r ie ld  in te g ra ls  
and fin a lly , the r esu lts  and  d e ta ils  o f  
the a p p r o a c h  fo r  a d ip o le  lo o p -  
c a p a c i t o r  a n t e n n a ,  o u r  g o a l  o l  
m ultipath  a n a ly s is  has b een  d e sc r ib e d
2 . S ta te m e n t o f  th e  p r o b le m
T h e  m u lt ip a th  c I c c lr o T n a g n e t ic  e n v ir o n m e n t  is  a n a ly z e d  
a c co r d in g  to the a c cu ra c y  o f  a n a ly tica l m o d e ls .  It a s s u m e s  
iso trop ic  an ten n as. 1 he a c cu ra c y  is g iv e n  in term s o f  c o m p le x  
so lu tio n s  o f  h e ld  e q u a tio n s  that g o v e rn  a d e te rm in e d  a n ten n a  
C otton  ci al [6 | p resen ted  the form u la tion  for an e le c tr ica l d ip o le  
ab ove a ground plane w ith  a S o m m erfe ld  Integral (ST), G eo m etr ic  
O p tics (G O ), and N o rto n  S u r la c c -W a v e  (N S W ). C o tto n  m a d e  a 
c o m p a r iso n  of su ch  m o d e ls  in a c c o r d a n c e  w ith  the a c cu ra c y  in 
( le q u e n c y  and lim e  d o m a in  for an in d o o r  a p p lic a tio n . Y o u n g  cr 
al [ 3 1 presented  a tw o -e le m e n t a n ten n a  for null su p p r e ss io n  in a 
m ultipath  en v iro n m en t. W ith  th is an ten n a , the p r o b a b ility  o f  a 
d eep  null in the r ec e iv e d  s ig n a l has b een  r ed u ced  in c o m p a r iso n  
to a d ip o le  an ten n a . The tw o -e le m e n t  a n ten n a  c o n s is t s  o f  a 
d ip o le  term inated  w ith  a p ara lle l lo o p  c a p a c ito r  c o m b in a tio n  
w fiich  e x p lo its  the sh ift p h a se  b e tw e e n  th e  d ip o le  and  lo o p  
c u r r e n ts  to  p r o b a b i l i s t i c a l l y  r e d u c e  th e  d e e p  n u l l .  T h e  
d ev e lo p m en t o f  this antenna is s im p le  and w ith  the m o st  accu rate  
fo r m u la tio n  as tlia i p r e se n te d  by C o tto n , th e  a n a ly s is  o f  a 
m ultipath  e n v iro n m en t m ay  be m ad e .
In a m u lt ip a th  e n v ir o n m e n t ,  the  t w o - c le m c n l  a n te n n a  
resp o n d s to the in c id en t and r e f le c te d  p la n e  w a v e s  ( a nd H ) 
w h en  the d ip o le  is a lign ed  w ith  the a -a x is ,  w h ich  y ie ld s  an output 
v o lta g e  that m ay be o b ta in e d  by
b e tw e e n  the lo o p  an d  d ip o le  b y  th e  c a p a c ito r , E is  the cl 
fie ld  c o m p o n e n t  o f  th e  in c id e n t  w a v e  in th e  d ip o le  antenna^  
H   ^ is  the  m a g n e t ic  f ie ld  c o m p o n e n t  o f  th e  in c id e n t  wavn 
lo o p  a n te n n a
N u ll p r o b a b ilis t ic  a n a ly s is  m a y  b e  d o n e  w ith  the fnlln 
a p p ro a ch  [3 ]
K
+  00,
. - ( l - ( v / 2 ) ' )  
I - c o s ^  y
I -  cos"^ y
i’" ( l - ( v / 2 ) - )
+  00
I -  c o s '  y
0  <  V <  ^ 2 ( l  -  c o s  y) 
V =  ^ ( l  -  c o s  y) 
J2(\ - c o s  y) <v < .
=  ^ 2 ( l  - i-co s  y) 
V 2 ( T + c o s y )  <  V < 2
“COS )/)
U'j
w h er e  K ( .)  d e n o te s  th e  c o m p le te  e l l ip t ic  in teg ra l, i,e
0
W ith  the  o b je c t iv e  o f  c o m p a r is o n  an a n ten n a  dipole has
( v / 2 r 0 < v  < 2 .
(I)
w h ere  C  is a  co n sta n t g a m  h a v in g  u n its o f  le n g th , is  th e  
im p e d a n c e  o f  fr e e -sp a c c , y  is  th e  e x tr a  p h a se  in tr o d u c e d
T h e n , b y  o b ta in in g  th e  f ie ld  c o m p o n e n ts ,  an analysis ol tl 
e le c tr o m a g n e t ic  e n v ir o n m e n t  fo r  d o m in a n t  paths can be came 
o u t.
E l e c t r o m a g n e t i c  f i e l d  c o m p o n e n t s  o f  m c id c iil wa\L 
p e r ta in in g  to  the tw o - c le m e n t  a n te n n a  m a y  be determined h 
m e a n s  o l  th e  fo r m u la t io n  that is  p r e se n te d  in the followm 
s e c t io n .
3 . Formulation for field components received by a t 
antenna
In ord er  to  a n a ly z e  th e  b e h a v io r  o f  a  m u ltip a th  environmer 
u s in g  a tw o -e le m e n t  a n ten n a , th e  c la s s ic  prob lem  o f  image ihuT 
to r  an  e le m e n ta r y  d ip o le  r a d ia t io n  a b o v e  a  ground plane i 
in trod u ced  [ 11 - 13J. T h e  g e o m e tr y  is  sh o w n  in Figure I , 
ty p ic a l  n o m e n c la tu r e . R e g io n  0  is  fr e e  sp a c e  and region 
(g r o u n d  p la n e )  a m a te r ia l w h o s e  c o m p o s it io n  is defined ' 
r e la t iv e  d ie le c tr ic  c o n s ta n t  a n d  its  condu ctiv ity  o 
r e g io n  0 , a r a d ia t io n  so u r c e  an d  o b s e r v a t io n  poin ts are 
T h e  d is ta n c e  o f  th e  so u r c e  a b o v e  th e  in terfa ce  ground pl^  
fr ee  s p a c e  is  a n d  th e  d is ta n c e  o f  th e  o b ser v a tio n  point ahnu
the in te r fa c e  e r o u n d  o la n e  fr e e  s o a c e  is  A b . T h e  source and
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»n p o in t  are  se p a r a te d  b y  a  d is ta n c e  P , w ith o u t  
onsu  ^ ig natu re  a n d  o r ie n ta t io n . L e t  u s  a s s u m e  th at th e  




iirect and r e f le c te d  r a y s. T h e  d ir e c t io n  is d e te rm in e d  
 ^s o f  r e f le c t io n  w h ic h  a ssu r e s  that th e  e n e r g y  in a 
(3US m e d ia  tr a v e ls  in  s tra ig h t l in e s  a lo n g  th e  sh o rtest
\o Z
H ," —  ( G o - C ,+ L / )  dp
(4)
(5)
w h ere  p  is a c o n v e n tio n a l e le c tr ic  d ip o le  m o m e n t. In o rd er to  
h a v e  an id ea l c o m m u n ic a t io n  lin k , it a s s u m e s  that tr a n sm iss io n  
s ig n a ls  h a v e  a fla t r e sp o n se  at sp ec tru m  fr eq u e n c y . T h u s, the
. 47T
e le c tr ic  d ip o le  m o m e n t c a n  be  d e f in e d  a s  P  =  7 --------. B e s id e s ,
(OPo
Gq and G , are the fr ee  sp a c e  (r e g io n  0 )  and im a g e  (r e g io n  1) 
G reen 's fu n c tio n s . T h e  su m  ( G^ +  G j)  o f  the tw o  r ep resen ts  the  
c o n d it io n  w h en  r e g io n  1 is  a  p e r fec t  c o n d u c to r  and  in terfa ce  
b e tw e e n  the tw o  m e d ia  G q =  G , . T h e se  fu n c t io n  are g iv e n  by
G o =  (1 /  =  j  ^ -  Jo{Xp)XdX, (6 )
For the g e o m etr y  o f  tw o  m e d ia  w h er e  o n e  is fr ee  sp a c e  and  
ihc Ollier can b e  a d ie le c tr ic  or  a c o n d u c to r , the  H e lm h o ltz  
equation in b o th  m e d ia  m u s t  b e  s a t i s f ie d  a s  th e  b o u n d a ry  
aincliiion ap p lied  at the in te r fa c e .
riic fields' e v a lu a tio n  a b o v e  the  gro u n d  p la n e  m ay  b e  carried  
out by means ol a G eo m etric  O p tic s  (G O ) app roxim ation , a  N orton  
Surtacc-Wave (N S W ) a p p r o x im a tio n , or  S o m m e r fe ld  In teg ra ls  
(S I) G O  IS n o rm a lly  u se d  in fa r -f ie ld s  that a s s u m e  there are 
several w a v e len g th s  in the d is ta n c e  b e tw e e n  the so u r c e , the  
observation p o in t ,  a n d  th e  r e f l e c t i o n  p l a n e .  A  N S W  
i^ppmximalinn is  a p p lie d  fo r  la r g e  d is ta n c e s  and a S I is  u sed  
when the in teraction  d is ta n c e  is  sm a ll.
li has been fo u n d  that a S o m m e r fe ld  r ep resen ta tio n  is in  
liiLi ihe most adequ ate  so lu t io n  fo r  the  f ie ld s  o f  current e le m e n ts  
>i» iIk  presence o f  a g r o u n d  p la n e , bu t it c o n ta in s  in te g ra ls  that 
iirc complex. T h is  r e p r e se n ta t io n  is  o b ta in e d  from  a d o u b le  
[ Tourier integral by tr a n sfo r m in g  to  c y lin d r ic a l  c o o r d in a te s  that 
introduce a B e sse l fu n ctio n  o f  z e r o  order to  the  in tegra l so lu tio n .  
Numerical sc h e m e s  fo r  e v a lu a t in g  th e se  in te g r a ls  h a v e  b een  
'^uvelopcd [ 11, 12] but th e y  a ll  h a v e  lim ite d  a p p lic a b ility . T h e  
accurate so lu t io n  fo r  e f f e c t s  o f  a  g ro u n d  p la n e  u se  the  
^onimerlcld fo r m u la tio n  fo r  in te r a c tio n  o f  d is ta n c e s  le s s  than  
‘ne wavelength and a sy m p to t ic  e x p a n s io n  fo r  larger  d is ta n c e s  
oilu I so lu tio n s  u se  e x tr a p o la t io n  m e th o d s  to  a c c e le r a te
convj ^ ence o f  su c h  in te g r a ls  [1 4 ] .
llic  t nplete fo rm u la tio n  fo r  a  V ertica l E lec tr ic  D ip o le  and a  
’electric D ip o le  are g iv e n  in  [ 6 ,1 1 , 1 3 ] .  H ere , o n ly  the  
>on en t e x p r e s s i o n s  f o r  a n a l y s i s  o f  m u l t ip a t h
G , = ( l / i « , ) e ' “^*" '^ =  j -
w h er e  Jq( P^) is  the B e s s e l  fu n c t io n  o f  the  first k in d  o f  zero  
order; and R^  are the d is ta n c e s  fr o m  the o b se r v a tio n  p o in t  
to  the so u rc e  and im a g e  r e sp e c t iv e ly , and are g iv e n  by
/?o -  ^ + A r )  . (8)
Q  and Uare S o m m e r fe ld  in tegra ls




ts in accordance with a two-clement antenna are
w h er e  ( =  and m =  ~k  ^ ■ W e n o te  that Q
r ep resen ts  [1 5 ] the c o rr ec tio n  fo r  the  lo s s  ch a r a cte r istic  o f  the  
reg ion  1 m aterial.
3.2, Geometric optics approximation :
E l  =  ,, F sin ^ 0jG o  +  r . s i n ' e , G , ] , (10)
W " =  - ^ ^ ^ s i n 0 [ s i n 0 j C o  +  r j ^ s i n e ,G |] ,  (M )
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w h e r e  6,  a n d  0  c o r r e sp o n d  to  a n g le s  o f  th e  d ir e c t  a n d  to  a n a ly z e  s u c h  c o e f f i c i e n t s ,  th e ir  b e h a v io r  a s a  1 
"  '  ■ a  A a  f r e q u e n c y  a n d  in c id e n t  a n g le  a r e  s h o w n  in  fo r
r e f le c te d  rays w h ic h  are s h o w n  in F ig u r e  1 a s an d  9^  , fF iE u re  2 )  a n d  fo r  c e i l in e / f lo o r  rp;
r e s p e c t iv e ly .
c o n c r e te  (R C )  (F ig u r e  2 )  a n d  fo r  c e i l in g / f lo o r  (Fij; 





3.3. Norton surface-wave approximation :
r ( , _ r , ) F ( w )  s in ^ e ,G , ] ,
/ / "  = - ^ s i n  ^ [ ( 1  -  r ^ ) F ( q )  sin" 0 ,C ,].
where
F(w) = 1 -  e x p ( - w )  erfdjyfw),
w = -  (cos0 , + 4 o )^
2  S i n  6^




Figure 2. Keflcction coeriiuents beha\ior u r s u \  licquency and inLidfii 
angle for reinforced concrete (i:^  = 6 .i, a  = 0,065 S/m [I6|)
9  =  + ^ o ) ^
2 sin^ 0
^  KTeCOSg, - y j K g - s i n ^ e ,  
I ff  c o sO , - s i n "  9,
^  c o s e , - J ^ s i n "  6, 
c o s e ,  +  ^ iC f - s i n " e .
a n d  ^£—\ ^ r j  , ih a l  i s  th e  in d e x  o f  r e f l e c t i o n
COEn
c o e ff ic ie n t .
-T| an d  F r e p r e se n t  th e  F r e s n e l  v e r t ic a l  r e f le c t io n
c o e f f i c ie n t  an d  th e  F r e sn e l h o r iz o n ta l r e f le c t io n  c o e f f i c ie n t ,  
r e s p e c t iv e ly .
In w a v e  p r o p a g a tio n  a n a ly s is ,  the  m a te r ia ls  p a r a m e te r s  are  
s o m e t im e s  c o n s id e r e d  f r e q u e n c y - in d e p e n d e n t ,  b u t e le c t r ic  
p r o p e r tie s  o f  b u ild in g  m a ter ia ls  vary  w ith  fr e q u e n c y  a n d  th e ir  
e f fe c t s  m o d ify  th e  r e f le c t io n  c o e f f ic ie n t s  ( T , and  ). In  ord er
Figure 3. Reflection coefficients behavior versus frequency 
angle for ceiling/floor (e  ^ = 9, a  = 0.075 S/m [16])
4. Numerical techniques and evaluation
A  S o m m e r f e ld  in te g r a l  s o lu t io n  is  o b ta in e d  v/V. 
te c h n iq u e s  [ 6 - 8 ,1 4 ] .  In  th is  c a s e  th e  e x p r e s s io n s  (9 )  i evaluates 
b y  n u m e r ic a l in te g ra tio n  a lo n g  c o n to u r s  in  th e  A co» lex plan‘d
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poles m ay c a u se  s lr o n g  v a r ia tio n s  w h ic h  are sy m m e tr ic a lly  
located m fo u rth  q u a d r a n t o n  th e  p la n e  c o m p le x .  T h e se  
iPicgiantis h a v e  b ra n ch  c u ts  fr o m  ± * q l o  in f in ity  and ±Jt, to  
infiniiy tlac to  th e  sq u a r e  r o o ts  in  i  an d  m  r e s p e c t iv e ly . T h e  
nolcs and branch p o in ts  in  th e  c o m p le x  p la n e  are sh o w n  in  
Pniurc 4 In order  to  a v o id  b r a n ch  c u t . th e  k e y  fo r  n u m er ica l  
i^ N^aluaiion is in th e  s e le c t io n  o f  th e  in te g ra tio n  in te rv a ls . A  rapid  
convergence in n u m e r ic a l  in te g r a t io n  e x p lo it s  the  e x p o n e n t ia l  
hchavioi and B e s s e l  fu n c t io n  fo r  la rg e  A -
hiiiiri' 4. Sominerfcld poles and branch at complex plane A
Three su b -in te rv a ls  arc s e le c t e d  to  a v o id  b ra n ch  cu t, w h ic h
aiL [ iU ( ) ] ,[ ^ 0 ’ I i^rst and  
LLond su h -m ierva l, R o m b e r g  q u a d ra tu re  is  a p p lie d  d u e  to  it 
' bung an e n e c l iv c  te c h n iq u e  o v e r  a f in ite  r a n g e  o f  in te g ra tio n , 
lising ihc tr a p e z o id a l r u le  an d  b y  m e a n s  o f  th e  a s s o c ia te d  
ixiMpolalion error a h ig h er  order a p p ro x im a tio n  m a y  be o b ta in ed  
;n | fhen lor A/ t im e s  o f  e q u a l in te r v a ls , the e x te n d e d  tra p ezo id  
uin he applied i.e.
(14)
(2«)!/V'” L J
IS a B e r n o u lli  n u m b e r
evaluate first w ith  N s t e p s  a n d  n e x t  w ith  2N s te p s , the  
I n ig  e r r o r  in th e  s e c o n d  e v a lu a t io n  sh a ll b e  1/4  th e  s iz e  o f  
i^ nor in the first e v a lu a t io n .  T h e n , th e  error  for  th e  tw o
'il^inaiions is  S = ^ S 2 /v • C h a n g in g  v a r ia b le  in  the
the d isc o n tin u ity  in  th e  d e r iv a t iv e  at is  r e m o v e d  and
first sub-interval, the variables A = ^ = cos v
lo
In th e  se c o n d  su b -in te rv a l, the  v a r ia b le s  A =  ^ =  / tq c o s h  
c h a n g e  to
ArccosU^E^
j X ( ( ^ ) d < J =  j  coshi5)i(cQ s in h  (1 6 )
In th e  c a s e  o f  s e m i- in f in it e  su b in te r v a ls  w ith  in te g r a t io n  
fu n c t io n s  that are s lo w ly  c o n v e r g e n t  lik e  S o m m e r fe ld  in te g ra ls , 
the  w e ig h te d -a v e r a g e s  m e th o d  is a u s e fu l n u m e r ic a l te c h n iq u e .  
T h is  m e th o d  is  u s e d  to  a c c e l e r a t e  th e  c o n v e r g e n c e  b y  
e x tr a p o la tio n  and it is  a m o r e  so p h is t ic a te d  v e r s io n  o f  the  E u le r  
tr a n s fo r m a t io n , w h ic h  is  b a s e d  o n  w e ig h t e d  m e a n s  o f  th e  
c o n s e c u t iv e  p a r tia l s u m . T h e  w e ig h t s  are  s e l e c t e d  o n  th e  
rem a in d er  e s t im a tio n . T o  d e r iv e  th is  a lg o r ith m , o n e  b e g in s  w ith  
d e te r m in in g  th e  s e q u e n c e  o f  th e  p a rtia l s u m s  b y  m e a n s  o f  
in teg ra tio n  and then  d o in g  a su m m a tio n  p r o c e d u r e  in w h ic h  the  
in teg ra l is  e v a lu a te d  as a su m  o f  a s e r ie s  o f  partia l in te g ra ls  o v e r  
f in ite  su b -in te r v a ls . I f  th e  w e ig h t  ) is  a s s o c ia te d  w ith  the  
s e q u e n c e  o f  a partia l su m  (S^  ), the g e n e r a l iz e d  w e ig h te d -  
a v e r a g e s  a lg o r ith m  m a y  be e x p r e s se d  by
:(/+n +  a
(/) oO) 
LA + 1.
i +  <
(/) (N^O and l^Q),  (17)
w h ere
« v  =■
W,Ni  I
and r.r is  the rem a in d er  e s t im a te .
A^^ + l
T h e  p a r e n th e s iz ed  su p e rscr ip ts  d e n o te  tra n sfo rm a tio n  order.
N o w ,  a s e m i - i n f i n i t e  i n t e r v a l  b e g i n  w i t h  A =  ^ a t  
s in c e  all s in g u la r it ie s ,  p o le s  an d  b ran ch  p o in ts  
on  the right h a lf  o f  the c o m p le x  p la n e  lie  e ith er  o n  or near th e  lin e  
d e f i n e d  b y  ^(^) = kQje^. T h e  b r e a k  p o i n t s  
-  ^0   ^P c h o s e n  b a se d  o n  the  h a lf-p e r io d
o f  th e  B e s s e l  fu n c t io n , Kip  and  th e  w e ig h ts  w e r e  c h o se n  
a c co r d in g  to the a n a ly tica l form  o f  the rem a in d er  e s t im a te s  g iv e n  





c x p | -
N K ih j f  - ^ h p ) (18)
w h e r e  /3 is  th e  a sy m p to t ic  c o e f f ic ie n t .  j3 =  1 for  the  e le c tr ic  





X (/co c o s  v )  t o  s in  vdv.
5. Frequency domain analysis
(15) T h e  e v a lu a t io n  a p p ro p ria ted  to  c o m m u n ic a t io n  lin k s  m u st b e  
ca rr ied  o u t  c a re fu lly , c o n s id e r in g  p r o p a g a tio n  e f fe c t s .  S e v e r a l
2H8 R Linares y Miranda, J L Ldpez-Bonilla, M Acevedo and R Meneses
m o d e ls  h a v e  b e e n  p r o p o s e d  w h ic h  arc v a lid  at a d e te r m in e d  
fr e q u e n c y  in lc r v a l. F or  the r a n g e  o f  p e r so n a l c o m m u n ic a t io n  
sy s te m s , the m o s t  p o p u la r  m o d e l is  G e o m e tr ic  O p tic s  (G O ) but 
other  m o d e ls  m a y  g iv e  m ore  accu racy . IT ic N o rto n  S u rfa c e -W a v e  
(N S W )  m o d e l is u se d  fo r  lo n g e r  d is ta n c e s  and  its a n a ly s is  d o e s  
not a p p ly  in su c h  s y s te m s , but a c o m b in a t io n  o f G O  and  N S W  
m a y  g iv e  the m a x im u m  a c cu ra c y . T h e n , th is  c o m b in a t io n  and  
S o m m e r fc id  In te g r a ls  c a n  b e  c o m p a r e d  to  th e  t w o - c le m e n t  
r e sp o n se  g iv e n  by e q . ( 1).
For fr eq u e n c y  a n a ly s is ,  the m ain  p a r a m e te r s  lo  c o n s id e r  arc: 
e le c tr ic  d ip o le  m o m c n l, e le c tr ic  p r o p e r tie s  o f  ih c  m a ter ia l o f  the  
lo s s  h a lf  sp a c e , fr e q u e n c y  ra n g e  and  g e o m e tr y  d im e n s io n . In  
ord er  lo  h a v e  an id e a l c o m m u n ic a t io n  lin k , it is  a s s u m e d  that 
tr a n sm iss io n  s ig n a ls  h a v e  a flat r e s p o n s e  at sp ec tru m  fr eq u e n c y . 
F l e c i n c a l  p r o p e r t ie s  o f  th e  m a te r ia l  a r e  d e f i n e d  b y  (h e  
c o n d u c tiv ity  and r e la t iv e  d ie le c tr ic  c o n sta n t . In th is c a s e ,  ty p ic a l  
arbitrary v a lu e s  o f  b u ild in g  m a ter ia l are c h o s e n , su c h  a s e , = 5 
and a  =  10 '^  -  I ( ) \ .V  / m) . F or  the a n a ly s is ,  a  fr eq u e n c y  ra n g e  
o f  10^ -  IO'^’ / / z  is  c h o s e n  w h ic h  c o v e r s  w ir e le s s  L A N  cu r re n ts  
and future a p p lic a t io n s  su c h  a s  y e t -u n l ic e n s e d  b a n d s (5 .7 2 5 -  
5 .8 5 0  G H z ). G e o m e tr y  d im e n s io n  is f ix e d  to p  =  5m, /ij- =  
v a r y in g  from  0.01  m  lo  10 m  to  c o v e r  n e a r - f ie ld  an d  fa r -f ie ld  
e f fe c t s .
F o r  a tw o -e le m e n t  a n te n n a , an e x tra  p h a se  o f  y = k /4 
b e tw e e n  d ip o le  and lo o p  is c o n s id e r e d . T h e  r e s p o n s e s  o f  su c h  
an  a n t e n n a  a s  a f u n c t i o n  o f  f r e q u e n c y ,  c o m p a r in g  th e  
a p p ro x im a tio n s  m e n tio n e d  (S I , G O  and G O + N S W ) are sh o w n  in 
F ig u r e s  5 and 6 . T h e s e  F ig u r e s  s h o w  the tw o -e le m e n t  a n te n n a
b e h a v i o r  f o r  d i f f e r e n t  c o n d u c t i v i t i e s  a n d  tw o  differci^j 
d im e n s io n s  r e s p e c t iv e ly .
Figure 6. Level signal of a Iwo-elemcni anicnna [3] lor two LlillLruit 
dimensions with = .S and a  = 10“  ^ {S/m)
Figure 5. Level signal of a two-elcmcnt antenna [3J for = S and a  = 10"^  -1 0 ' (S/m)
Xhe comparison o f the evaluation SI, OO+NSW, and GO for 
^ ^ 1 0  (conductivity) showed that the three techniques have
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lic same behaviour. But w ith small conductivities not equal to 
crii. ilil'fcrenccs are present and the least accurate is the GO
ipprox in iu lion. These d ifferences are more c ritica l in
f  > ]()'’ H z  ■ GO approximation is easier to apply, because it 
Iocs not need special functions and numerical solutions.
i Probabilistic analysis
n ihe indoor environment, the radio wave propagations arc 
liven vio multi-reflector planes placed near and between them, 
n thh environment, the radio transmilicr/reccptor is moved 
iinilomly, then the propagation analysis must be probabilistic. 
Ihis section presents a comparison o f the Cumulative  
[)isliibuiion Functions (CDF) o f the two-element antenna |eq. 
2)1 111 accordance with the propagation models mentioned. The 
ilia used arc: frequency of475 MHz, reflector plane with =-‘* 
nil) CT = ().0()1 S  /  m  \ shift phase y = ;r /4  between dipole 
jiid loop current, the wave polarization for the magnetic field 
vmnponeni 0  = 90‘* , the antennas (transmitter/receptor) height 
equals h j  =hf^ = \ m  , and the distance between the antennas 
hrandom p = l t o 5  #». The probabilistic analysis is made in 
auordance with the simulation procedure given by Young e t  
ill 13| lor .SI, GO+NSW, and GO. The CDFs o f the two-element 
aniciimi lor voltages obtained from SI, GO+NSW, and GO with 



















■45 -40 -J5 -30 -2fi -20 *15 -10 -5 0
Signal Ifv il (dB)
•■•Ruri7. Two-tfkmcnt anienna CDFs for p = 0 01 to I wi with different
prupjpaiion models.
Conclusion
I  The analysis made in this work show that the propagation model 
"hiained with the numerical solution o f the Sommerfeld integrals
is not accurate, while the Geometric Optics approximation gives 
least accuracy. In spite o f the efficient computational tools, a 
statistical analysis using the Sommerfeld integration is complex, 
but a good option is the Geometric Optics plus Norton Surface- 
Wave approximation which gives less error than Geometric 
Optics. The difference between the Sommerfeld integration and 
the GO+Norton in the probabilistic analysis ( 1 0"^) is 6  dB, while 
It is 11 dB for GO for signal levels o f -30 dB.
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